Tobacco necrotic dwarf (TNDV) and potato leafroll (PLRV), viruses which are normally phloem-limited and are transmitted by aphids in the persistent manner, were successfully purified using Driselase, an enzyme that macerates plant tissue. Frozen tissue of Physalisfloridana infected with TNDV or PLRV was homogenized in buffer containing Driselase and incubated with shaking. The virus particles were then purified by clarifying extracts with chloroform and n-butanol, precipitation of virus with polyethylene glycol, differential centrifugation and density-gradient sedimentation. The average yield of TNDV purified without the enzyme was o'5 mg/kg of fresh tissue and of that purified with the enzyme was 4"7 rag. Yield of PLRV purified using the enzyme was I'3 mg/kg. The sedimentation coefficients of both TNDV and PLRV were s20, w = I I5S. Enzyme treatment had no influence on the infectivity of the viruses, assessed either using tobacco mesophyll protoplasts or using aphids fed through membranes. The enzyme method described here may be useful for purification of other phloem-limited viruses.
INTRODUCTION
Tobacco necrotic dwarf virus (TNDV) is a phloem-limited virus which is not saptransmissible but is transmitted by Myzus persicae in the persistent manner (Kubo & Takanami, t 977) . Serologically, TNDV is related to potato leafroll virus (PLRV; Kubo & Takanami, t978 ) . To determine the physical and chemical properties of the virion and its constituents, a considerable amount of highly purified virus is needed. However, viiuses of this type, including PLRV, barley yellow dwarf virus (BYDV) and soybean dwarf virus (SDV), apparently occur in very small amounts in host plants and are difficult to purify in adequate quantities (Kojima et al. 1969 ; Brakke & Rochow, 1974; Kojima & Tamada, 1976) . This is mainly because they are limited to the phloem and are difficult to extract efficiently from the tissue. We have tried to purify TNDV and PLRV from infected plants using a tissue macerating enzyme which exhibits pectinase and cellulase activities (Noguchi et al. I978) , and have thereby considerably improved the virus yield.
METHODS

Viruses and plants. The TNDV isolate was originally obtained from tobacco plants in
Japan. An isolate of PLRV was supplied by Dr S. Tanaka of the Tumagoi Potato Foundation Stock Seed Farm, G'unma, Japan. Physalisfloridana plants were used as sources of infected 0022-~3t7/79/o000-3534 $02.00 ©1979 SGM tissue for purification of both viruses. Aphids (Myzus persicae) were used for transmission of the viruses to young seedlings. The leaves were harvested a month after the plants were inoculated, and were stored at -8o °C.
Virus purification. Frozen tissue of Physalisfloridana plants infected with TNDV or PLRV was crushed with a pestle in a blender-cup and then homogenized with o.I M-citrate or phosphate buffer (2 ml/g leaf), pH 6.o, containing t % (w/v) Driselase (Kyowa Hakko Kogyo Co. Ltd, Tokyo) and o.i % thioglycollic acid. The homogenate was incubated at 25 to 28 °C for 2 h with shaking (80 strokes/rain) and then emulsified with 0"5 vol. ofa t : 1 (v/v) mixture of chloroform and n-butanol. After shaking for 3o rain, the emulsion was broken by centrifugation at 3o0o g for 15 min. Solid polyethylene glycol 6ooo (PEG; Wako, Osaka) and sodium chloride were added to the aqueous phase to final concentrations of 8 ~o (w/v) and o'4 M, respectively. After mixing for 30 min to dissolve these compounds thoroughly, the solution was kept for a further 30 rain at room temperature. The precipitate was then collected by centrifugation at I o ooog for 15 min and resuspended in o.o I M-phosphate buffer, pH 7.6, or o.ol M-borate buffer, pH 8.o. This suspension was kept overnight or longer at -2o °C; it was then thawed, and clarified by centrifugation at 87o g for 15 rain. The clarified supernatant fluid was subjected to two cycles of differential centrifugation (78 ooo g, 2"5 h; 870o g, I5 min; 1050o0 g, 1"5 h). The final pellet obtained after the differential centrifugation was resuspended in a small amount of o.ot M-phosphate buffer, pH 7"6, floated on a linear gradient of ro to 4o % (w/v) sucrose in o.oI M-phosphate buffer, pH 7"6, and centrifuged for 2 h at 32000 rev/min at 15 °C in a Beckman SW 41 rotor. The gradient was scanned in an ISCO fractionator. The virus-containing fraction was diluted with the buffer and centrifuged at 105000 g for 2 h. The virus pellet was suspended in a small vol. of phosphate buffer. Purification of TNDV without enzyme treatment was done according to the method described by Kubo & Takanami (I979) , which included the step of re-grinding the residual fibre. To see the effectiveness of the enzyme-treatment more clearly a purification procedure that was the same as the Driselase method except that it omitted Driselase was also adopted. Virus concentration was estimated from the absorbance at 260 nm, assuming that Img of TNDV or PLRV corresponds to 8.6 A2~0 units, which was calculated from the average of A2eo:A280 ratios of the virus preparations according to the formulae of Gibbs & Harrison (I976) .
Infectivity assay. The infectivity of purified TNDV and PLRV was assayed using the protoplast system. Preparation, inoculation and culture of protoplasts were essentially as described by Kubo & Takanami (1979) . Infection was assessed by counting the percentage of living protoplasts stained with fluorescent antibody to TNDV particles. Although fluorescence of PLRV-infected protoplasts stained with TNDV antibody was less intense, it was possible nevertheless to distinguish infected cells from uninfected ones. Infectivity assay of PLRV was also done using aphids (Myzus persicae), by a membrane-feeding method essentially similar to that described by Rochow (t96o).
Electron microscopy. Negatively stained preparations were made by placing a small drop of I :I mixture of the virus suspension and 2 % sodium phosphotungstate solution (pH 6-0) on a carbon-coated collodion film. The excess fluid was removed using a piece of filter paper. The specimens were examined in a JEM-IooB (JEOL) electron microscope at 8o kV.
Analytical ultracentrifuge analysis. Ultracentrifuge analyses were carried out in a Hitachi
Model 282 ultracentrifuge. The sedimentation pattern of a TNDV preparation was observed using Schlieren optics at a concentration of 2 mg/ml. The sedimentation coefficients of TNDV and PLRV were determined at concentrations of 87 and 7 o #g/ml, respectively, using a u.v. scanning system. 
4"4 o'ol M-phosphate, pH 7"6 5"8 o-or M-phosphate, pH 7-6 3"6 o.oi M-borate, pH 8'0 5"8 * After homogenization with buffer containing I ~oo Driselase, incubation was for 2 h at 25 to 28 °C with shaking, except in Expt. l (ii), in which 2 ~ Driselase was used and shaking was for I h. Expt. I (i) included the step of re-grinding of residual fibre but no incubation or shaking. 
RESULTS
Virus yield
Representative data of the yields of TNDV purified with or without Driselase treatment are listed in Table I . A low yield of virus was obtained by the conventional grinding method, ranging from o'4 to o.8 (mean o'5) mg/kg of fresh tissue in a series of four experiments. The purification procedure, including the enzyme treatment, increased the yield by five to ten times, ranging from 3"2 to 6. i (mean 4"7) mg/kg tissue in a series of seven experiments. As shown in Table I , Expt. 2(i), the procedure, including incubation with shaking but no enzyme treatment or re-grinding of residual fibre, gave a very poor yield of virus. It is evident that, on its own, incubation with shaking did not help the liberation of virus particles from the infected tissue. The yield of PLRV purified by the enzyme method was ~.o to I. 3 mg/kg of infected Physalisfloridana, much larger than that reported by Kojima & Murayama 097 z) and Sarkar 0976). Good yields of the viruses were obtained when we used phosphate or citrate buffer as the extracting buffer and borate or phosphate buffer as the resuspending buffer but, as shown in Expt. 3 and 4 (Table I) , citrate seemed superior to phosphate as the extracting buffer. A large precipitate formed after adding PEG to clarified sap which had not been treated with Driselase. In contrast, only a small precipitate was produced from sap obtained after the enzyme treatment. This effect of the enzyme, which decreased the amount of host material co-precipitated with the viruses, greatly helped the succeeding steps of purification.
After sucrose density-gradient centrifugation, a single light-scattering zone was observed at about the middle of the tube, coincident with the peak of u.v. absorbance at 254 nm. A small peak, probably consisting of dimers of virions, appeared just below the main peak when a concentrated virus sample was loaded (Fig. I b, c) . Usually, little host material was evident in the gradient. However, using citrate as the extracting buffer followed by phosphate as the resuspending buffer resulted in a large amount of u.v. absorbing material occurring at the top of the gradient, as also observed when the conventional purification method was used (Fig. ~ a) .
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* All inoculation mixtures contained ~/zg/ml poly-L-ornithine, virus as specified, 0-025 M-potassium phosphate, pH 5"4, and 1"5 x Io5/ml protoplasts.
t + or -shows whether or not the virus was purified using Driselase. Protoplasts were sampled 3o h after inoculation and stained with fluorescent antibody to tobacco necrotic dwarf virus particles. 
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* All inoculation mixtures contained I #g/ml poly-L-ornithine, virus as specified, 0"025 M-potassium phosphate, pH 5'4, and 2.0 x to~/ml protoplasts.
f Sampled 28 h after inoculation and stained with fluorescent antibody to TNDV particles.
Properties of purified virus preparations
Purified preparations of TNDV and PLRV were slightly opalescent and had u.v. absorption spectra typical of nucleoproteins, with a maximum at 26o nm and a minimum at 240 nm.
Mean values of A.,6o/A2so and A26o/A24o were 1.8o and 1-44 for TNDV, and I"78 and r'43 for PLRV. Both viruses precipitated when they were kept at 4 °C in o.oi M-phosphate buffer, pH 7-2 or 7-6. This tendency seemed greater as the pH of the buffer decreased. These precipitates, however, Soon dissolved at room temperature. Highly purified preparations of both viruses were disrupted when suspended in water and, occasionally, when frozen and thawed after suspension in o.oi M-borate, pH 8.o. When suspended in o.oI M-phosphate, pH 7.6, the viruses tolerated freezing and thawing.
Examination in the electron microscope of TNDV and PLRV preparations negatively stained with sodium phosphotungstate revealed isometric particles about 25 nm in diam. No morphological differences between TNDV and PLRV were observed (Fig. 2) .
A single peak with a small shoulder was observed in the Schlieren diagram of TNDV suspended in o.oI M-phosphate buffer, pH 7"6 (Fig. 3) . The minor leading component seemed to be dimers of the virus particles. The sedimentation coefficients of both TNDV and PLRV determined using a u.v. scanning system were s20. w = I I5S.
Infectivity of purified virus
To see whether or not Driselase treatment had deleterious effects on the infectivity of the virions, samples were assayed using the protoplast system. As shown in Table 2 , the specific infectivity of TNDV purified by the enzyme treatment was not less than that purified by the conventional method. PLRV purified using the enzyme had a greater specific infectivity than TNDV purified in the same way (Table 3) . Infectivity of PLRV was also assayed using aphids (Myzus persicae) fed on samples through a membrane. Six out of eight P. floridana plants became infected when aphids were fed on a solution containing roo/zg/ml of purified PLRV and 20 % sucrose and five aphids placed on each plant, and two out of eight when they were fed on a suspension containing IO/zg/ml of virus. DISCUSSION Brakke & Rochow (I974) showed that the fibre remaining after grinding BYDV-infected leaves in a blender contained at least three-quarters of the virions. They devised an improved grinding procedure which gave virus yields several times greater than reported by Rochow & Brakke (I964) . However, they pointed out that the improved yields still might not represent all the virus in the plant. Bawden & Pirie (I946) showed that a snail enzyme was useful for extracting tobacco mosaic virus from the fibre fraction of infected leaves. We have shown that yields of two phloem-limited viruses could be substantially increased by disrupting tissue using Driselase, a commercially available mixture of plant tissue macerating enzymes, as the first step of purification. Following the enzyme treatment, a much smaller precipitate was produced by adding PEG than with the conventional purification procedure. Driselase seems to digest host material, which is otherwise precipitated by PEG, into low mol. wt. materials that are not precipitated and does not adversely affect the virus. These effects of the enzyme eliminate the necessity to do the rather laborious work of re-grinding the residual fibre (Brakke & Rochow, I974; Sarkar, i976) , further clarification with fluorocarbon (Kojima & Murayama, t972; Kojima & Tamada, I976) , and repeated extraction of PLRV virions from the sediment after PEG precipitation (Sarkar, I976) . Decreasing the amounts of host contaminants at an "early stage of purification evidently facilitates the production of highly purified virus preparations.
Driselase has mainly pectinase and cellulase activities, and their optimum pH ranges are 4"o to 6.0 and 3"o to 5"o, respectively (Noguchi et al. I978) . Hence, o. I M-citrate or phosphate buffer, pH 6.o, was used as the extracting medium. We chose o.I M-citrate buffer, pH 6-o, as the extracting buffer, because the virus yield was greater with citrate buffer than when phosphate buffer was used. The sediment after PEG precipitation was resuspended in o.oi M-borate buffer, pH 8.o, because a substantial amount of u.v. absorbing material was seen on the top of the gradient column when o-oi M-phosphate buffer, pH 7.6, was used, However, o.oI M-phosphate buffer, pH 7"6, is recommended as the buffer for sucrose density-gradients and for storage of virus preparations because highly purified preparations of TNDV and PLRV seemed to be less stable in water or o.oi M-borate buffer, pH 8.0, than in o.oI M-phosphate buffer.
As the A~o/A28 o values of TNDV and PLRV preparations were 1.8o and 1.78, respectively, the virus particles seem to have a relatively high nucleic acid content. The sedimentation coefficient of TNDV and PLRV was s~o. w = I I5S. These properties of the virus particles are similar to those of BYDV, which have the value of A26o/A ~8o ~-1"85 to 1"92 (Brakke & Rochow, 1974) and ofs~0.w = I15 to II8S (Rochow & Brakke, I964) . The method described in this paper might be useful for purification of particles of other phloem-limited viruses except those that are very unstable.
